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D We define an infinite series of translation coverings of Veech's double- 

|Jh n-gon for odd n > 5 which share the same Veech group. Additionally we 

QQ give an infinite series of translation coverings with constant Veech group 

of a regular n-gon for even n > 8. These families give rise to explicit 
I I examples of infinite translation surfaces with lattice Veech group. 

H 
O 

-*— ' 

C^ Billiards in a polygon with angles commensurable with tt, can be investigated by 

Q considering the geodesic flow on an appropriate translation surface (see [ZK75]). 

I— I The fundamental work of Veech in 1989 connects the properties of the geodesic 

flow to the so called Veech group of the translation surface (see [Vee89]). The 
Veech alternative states, that if the Veech group is a lattice, then the billiard 
QQ flow in each direction is either periodic or uniquely ergodic. 

00 Some translation surfaces which have the lattice property already considered 

^O by Veech himself, are the double-n-gons X^ for odd n > 5. They arise from bil- 

^. liards in a triangle with angles ir/n, n/n and (n — 2)7r/n. For even n, n > 8, the 

l/~J regular double-n-gons considered by Veech, are degree 2 coverings of the regular 

y^ n-gons Xn- The Veech groups of all these surfaces are well known lattice groups. 



1 Introduction 



For every odd n > 5 and every d > 2 we define a translation covering 
Pn,d '■ Yn.d — > Xn of degree d and calculate the Veech group of Y^^d- 

Theorem 1 a). For odd n>5, the Veech group ofYn_d is 
where 



n 



„ /cos - — sin -\ „ A A„ , , 

n 



Vsin^ cos^ / ' " \0 1 

\ n n / \ 

and I G GL2(Il) is the identity matrix. 

If we likewise define translation coverings pn.d '■ Yn.d -^ Xn in the even case 
for n > 8 and d > 2, we get a similar statement. 



Theorem 1 b). For even n > 8, the Veech group ofYn^d is 

r„:= r(r„,d) 

It ^ R^T^R"^ R "— 2 rri 2 p — (n — 2) /rrn — 1 p 2N2 

r, 2 /rp -Ir, 2\2 E> -2 p n-2 /rri -1 n 2\2 p -(n-2)x 

where R„, T^, A„ and / are defined as in Theorem 1 a). 

So for all n > 5, n 7^ 6 we obtain an infinite family of translation coverings 
with fixed Veech group r„. The Teichmiiller curve arising from the translation 
surface Yn^d has the following properties. 

Corollary. H/r„ has genus 0, ^^y^ cusps if n is odd and ^^^^ cusps if n is 
even. 

The limit of each family is an infinite translation surface, Yn.oo- 

Theorem 2. For n > 5, n ^ 6, the Veech group r(y„^oo) o/ ^ri,oo is r„. In 
particular y„.oo is an infinite translation surface with a lattice Veech group. 

So the families give rise to explicit examples of infinite translation surfaces 
with lattice Veech groups, which are rare by now. One example of an infinite 
translation surface with lattice Veech group was found in [HW09] . It is a Z-cover 
of a double cover of the regular octagon. A second example is the translation 
surface described in [H00O8]. It is build from two infinite polygons, the convex 
hull of the points {n,n'^) and the convex hull of the points (n, — n^). Another 
example is the infinite staircase origami Z^q, calculated in [HSIO]. 

We will treat the case where n is odd in detail. The proof for even n works 
very similar, hence we keep it short. 
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2 Basic definitions and preliminaries. 

In this section we want to shortly review the basic definitions used to state and 
prove our theorems. For a more detailed introduction to Veech groups see e.g. 
[HSOl] or [Vor96]. More details on Teichmiiller curves can be found e.g. in 

[HS07]. 

A (finite) translation surface X is a compact Riemann surface with a finite, 
nonempty set S(Ar) of singular points together with a maximal 2-dimensional 
atlas uj on X \ 'E{X), such that all transition functions between the charts are 
translations. The 2-dimcnsional atlas w induces a fiat metric on X \ S(X), 
whereas the angles around points in 'S(X) are integral multiples of 2tt. If the 



angle around a singular point is 27r, then the fiat metric can be extended to 
that point, otherwise the flat metric has a conical singularity. A translation 
surface is obtained by gluing finitely many polygons via identification of edge 
pairs using translations. In this construction, singularities may arise from the 
vertices of the polygons. Especially in this situation the translation structure 
on X is somehow obvious, so we often omit to in the notation. 

A continuous map p : y — > AT is called a translation covering, if p(Yi(Y)) = 
T,{X) andp : Y\E(Y) -^ X\T,{X) is locally a translation. Since both X and Y 
are compact, p is a finite covering map in the topological sense, ramified at most 
over the singularities S(A'). In the context of translation coverings p :Y ^ X, 
we call X the base surface and Y the covering surface of p. A translation sur- 
face (X, ui) that, in this sense, is not the covering surface of a base surface with 
smaller genus, is called primitive. In the following, only base surfaces of genus 
greater than one are considered and all singularities have conical angle greater 
than 2tt, so p~^(S(X)) = S(y). This kind of translation coverings are often 
called balanced translation coverings. It is a result of MoUer in [M06] , that every 
translation surface is the (balanced) covering surface of a primitive base surface 
and that the primitive surface is unique, if its genus is greater than one. 

The affine group of a translation surface (AT, w) is the set of affine, orientation 
preserving diffeomorphisms on X, i.e. maps that can locally be written as z n- 
Az + b with A S SL2 (R) and b G R^. The translation vector b depends on the 
local coordinates, whereas the derivative A is globally defined. The derivatives 
of the affine maps on X (i.e. of the elements in the affine group), form the 
Veech group r(X) of X. An important connection between the Veech groups 
of a primitive base surface and the covering surface in a translation covering is 
stated in the following lemma. 

Lemma 2.1. Let p : {Y,iy) — > {X,lu) be a (finite, balanced) translation covering 
with primitive base surface {X,uj) and genus g{X) > 1, then T{Y) is a subgroup 
ofT{X). 

The Lemma is an immediate consequence of the result of MoUcr cited above 
(see [McM06]). In Chapter 5, the statement of Lemma 2.1 will be proved sep- 
arately as Lemma 5.3 for finite and infinite coverings of the base surfaces X„, 
which are introduced in Chapter 3. 

We will often use the cylinder decomposition of a translation surface X. A 
cylinder is a maximal connected set of homotopic simple closed geodesies. The 
inverse modulus of a cylinder is the ratio of its length to its height. Whenever 
the genus of X is greater than one, every cylinder is bounded by geodesic in- 
tervals joining singular points. Such a geodesic is called saddle connection if 
no singular point lies in the interior. The Veech alternative states, that if the 
Veech group of a translation surface is a lattice, then the geodesic fiow in each 
direction is either periodic or uniquely ergodic. This important result of Veech 
implies in particular, that if X has a lattice Veech group and if there exists a 
closed geodesic in direction 9 on X then the surface decomposes into cylinders 
in direction 6. 



Being a compact Riemann surface, X defines a point in the moduli space 
Mg^s of Riemann surfaces of genus g with s = \'S{X)\ punctures. Every ma- 
trix A G SL2(]R) can be used to change the translation structure w on X, by 
composing each chart with the afhne map z i-^ A ■ z. We call the new transla- 
tion surface Xj^. The identity map id^ : X — > Xji is an orientation preserving 
honieomorphism, so (X^,id^) is a point in the Teichmiiller space Tg^s- The 
surfaces Xa and Xb define the same point in Tg_s iff A ■ B~^ E S02(R) thus 
defining a map i : SL2(IR.)/S02(]R) = H -^ Tg^s- The Veech group T{X) lies 
in the stabiliser in SL2(R) of Xj as Riemann surface. Hence we obtain a map 
from M/r{X) to Mgg. By the Theorem of Smillie the image of this map, which 
is birational to M/r{X), is an algebraic curve in the moduli space iff T{X) is a 
lattice in SL2(Il). In this case, this curve is called a Teichmiiller curve. 

3 The base surfaces. 

3.1 The odd regular double-n-gon. 

The translation surface described in this section, the odd regular doublc-n-gon 
Xn, was already considered by Veech himself in [Vee89]. Other references con- 
cerning this translation surface are [HSOl] Chapter 1.7 and [Vor96] Chapter 4. 
The surface arises from a triangle with angles n/n, n/n and (n — 2)7r/n by the 
unfolding construction described in [ZK75]. 

In the following, let n be an odd number, greater or equal to 5. The trans- 
lation surface Xn can be glued of two regular n-gons P„ and Q„. Rotate the 
n-gons until each of them has a horizontal side and P„ lies above its horizontal 
side, whereas Qn lies below it. Gluing parallel sides leads to the desired trans- 
lation surface. To fix lengths, let the circumscribed circle of P„ (respectively of 
Qn) have radius 1. Then the edges of the n-gons have lengths 2 • sin(-). We 




Figure 1: Labelling of Xg 

label the edges of the two polygons in the following way: Label the edges of P„ 
and Qn counter-clockwise with xq, xi, . . . , Xn~i and Xq,x[, . . . , Xn_i, starting 
with the horizontal side (see Figure 1). Whenever needed, we initially glue the 
edges x„_i and x^_]^ to obtain only one polygon that defines Xn- 

Remark 3.1. Following the identification of vertices while gluing the edges Xi 
and xj one can easily see that all the vertices are identified. Xn thereby has 



exactly one singularity with conical angle 2n^^^-^7r = (n — 2) 27r. The Euler 
characteristic isx=l — n + 2 = 3 — n and the genus of X„ is g(Xn) = ^^^^■ 

According to [Vce89] Theorem 5.8, the Veech group of X„ is generated by 
the matrices 



R„ 



COS - 


— sm - 


n 


n 


sin^ 


cos^ 



and Tr, 



Xr 



where A»: 



2cot- 



Let ipn denote the orientation preserving afhne diffeomorphism of X„ with 
derivative i?„. The map ipj^ rotates X„ around the centre nip of P„ and further 
translates Xn along the vector from mp to the centre mg of Q„. 

To understand the affine map on X„ with derivative T„, we use a cylin- 
der decomposition of Xn ■ The horizontal saddle connections in Xn decompose 
the translation surface into ^^^^ cylinders. Figure 2 indicates how to compute 
the heights and lengths of these cylinders: First we rotate the double-n-gon 
counterclockwise by 90 degrees. If we choose the origin of a coordinate sys- 
tem in the centre of P„, then the vertices of P„ lie in (cosQ'tt -), sin(J7r -) ), 
j = 0, . . . ,n — 1. This is all the information we need. 



(cos a, sin a) 

= (cos n 2/9, sin n 2/9) 



(cos 2n 2/9, sin 2n 2/9) 




I l-cps(n2/9) 

cos(n 2/9) - cos(2n 2/9) 

• 

cos(2n 2/9) - cos(3n 2/9) 

* 

cos(3n 2/9) - cos(4n 2/9) 
* 



Figure 2: Horizontal cylinder decomposition of Xg 



We name the cylinder containing the gluing along the edges Xi and Xn-i with 
i (see Figure 2). If hi denotes the height and li the length of the zth cylinder 
and j — ^^ — i, then 



h, = cos ^(7 -1)- cos ^ 
= —2 sin 



J 

^-^ — - sm ^ = 2 sm ^^ — - si 



(1) 



and 



2(sinf j + sinf (j-1)) 

(2) 

A ■ 7r(27"-l) TT ^ ' 

4 sm ^-^ — - COS - 



for i e {1, . . . , ^^^}. Note that we used the following consequence of the addi- 
tion and subtraction theorems for sin and cos: 

cosx-cosy = -2 sin (^±3/) sin (^^^"^ 



sinx + siny = 2sin(^^^) cos(^^-^ 



,')cos(2^' 



The inverse modulus in all horizontal cylinders of Xn is A„ — 2 cot - . Thus 
we can construct an orientation preserving affine diffeomorphism (px of X„ with 
derivative r„ (see e.g. [Vor96] Chapter 3.2). The map (pT fixes all horizontal 
saddle connections pointwisc and twists every cylinder once. 

Remark 3.2. The Veech group r(X„) is the Hecke triangle group with signa- 
ture (2,n, oo), thus it is a lattice. 

It is well known, that the translation surface X„ is primitive. We give a 
short proof nevertheless. 

Lemma 3.3. The translation surface Xn with odd n>b is primitive. 

Proof. Suppose p : Xn ^ F is a translation covering of degree d > \. The 
surface Xn has one singularity, say x, so p is ramified at most over p{x). We 
have to distinguish two cases. 

If y = p{x) is a removable singularity in the flat structure, than Y is w.l.o.g. 
the once punctured torus. According to [GJOO] a translation surface is the 
covering surface of the once punctured torus if and only if its Veech group is 
arithmetic, i.e. commensurable to SL2(Z). But the Veech group of r(X„) is not 
arithmetic. 

In the second case, y is a non removable singularity in the flat structure. 
Then p~^(y) = {x}. It follows that the preimage of a saddle connection on Y is 
the union of d saddle connections on Xn . The map p is locally a translation, so 
theses d saddle connections all have the same length and direction. Since there 
is only one shortest saddle connection on X„ in horizontal direction, this leads 
to a contradiction to d > 1. 

We conclude that every translation covering p : Xn -^ Y has degree 1, i.e. 
the genus of Y equals the genus of X . D 

In particular Xn has no translations, with the consequence that there is ex- 
actly one affine map with derivative A for each A in the Veech group T{Xn). 

According to Remark 3.1, the translation surface Xn has one singularity and 
genus ^^. Consequently the fundamental group 7ri(X„\S) is free of rank n— 1. 
We use the centre of the side Xn-i as base point. A basis of the fundamental 
group of the double-n-gon can be chosen in such a way, that the ith generator 
(i e {0, . . . , n — 2}) crosses the edge Xi once from P„ to Qn (and respectively 
the edge x„_i once from Qn to P„). The ith generator of the fundamental 
group will be called Xi, like the label of the edge it crosses (see Figure 3). Now 
an arbitrary element of the fundamental group ■Ki{Xn \ S) can be factoriscd in 
this basis by recording the names of the crossed edges and the directions of the 
crossings. The edge x„_i corresponds to the identity element. 




■2^ -^3 

Figure 3: Fundamental group of the double-5-gon 



3.2 The even regular n-gon. 

Now let n be an even number and n > 8. The translation surface X„ arises 
from a regular n-gon P, with opposite sides glued together. As indicated in 
the introduction, the regular double n-gon, considered by Vcech in [Vee89] , is a 
degree- 2-covering of this surface. It is well known, that the regular n-gon is a 
primitive translation surface. To fix the size and orientation of the polygon, let 
the jth vertex of P lie in (cos(j^),sin(j^)), j G {0, . . 
edges P counter-clockwise with xg, . . . , a;„/2-i7 2;o, . . . , x; 
edge between vertex and vertex 1 (see Figure 4). 



, n — 1}. We label the 
,2_]^, starting with the 





Figure 4: Labelling of X„ for even n 



Remark 3.4. The surface X„ has one singularity, if n/2 is even and two sin- 
gularities if n/2 is odd. Using the Euler characteristic it follows, that Xn has 
genus 

n/4 , if n = mod 4 



giXn) - 



(n-2)/4 ,ifn=2mod4 



Lemma J in [HSOl] states, that the Veech group of X„ equals the Veech group 
of Veech's double-n-gons for even n > 8. So according to [Vee89] Theorem 5.8, 
r(X„) = (r„,i?„2,i?„T„i?„-i) where 



R„ 



cos - — sm - 

n n 

sin - cos - 



r„. 



1 A„ 
1 



and A»: 



2 cot 



are defined as in the odd case. Since RnT^Rn ^ = Rn"^'^ Tn ^ (see relations 
on page 11), only the first two generators are needed. 

Again we need the cylinder decomposition of X.^ in horizontal direction to 
understand the afiine map on X„ with derivative T„. The surface X„ decom- 
poses into n/4 or (n— 2)/4 cylinders, depending on n = 0mod4 or n = 2 mod 4. 



If we label the cylinder containing the gluing along the edges i and (n/2 — 1) — i 
with z + 1 (see Figure 4) , we get 

(2i- 1)tt TT , , (2i- l)7r TT 

hi — 2 cos sm — and k ~ i cos cos — (3) 

n n n n 

for i e {1,...,^} or i E {!,..., ^^^}, respectively. It follows that the inverse 
modulus is 2 cot - = A„ in all horizontal cylinders. 

Remark 3.5. For even n, the rotation i?„ is not contained in the Veech group 
T{Xn). In this case T{Xn) is a triangle group with signature (^,oo,oo) and an 
index 2 subgroup of the Hecke triangle group (T„, i?„) with signature (2, n, oo). 

The translation surface X„ has one singularity and genus n/4 if n = mod 4 
or two singularities and genus (n — 2)/4 if n = 2 mod 4. In both cases, the 
fundamental group 7ri(X„ \ S) is free of rank n/2. We use the centre as base 
point and choose closed paths that cross exactly one edge Xi one time as basis 
of the fundamental group (see Figure 5). Now an arbitrary element of the 
fundamental group 7ri(X„ \ S) can be factorised in this basis by recording the 
names of the crossed edges and the directions of the crossings. 




Figure 5: Fundamental group of the regular 8-gon 



4 A series of n-gon coverings. 

Using a generalised algorithm of the one presented in [Sch04] , it is possible to 
calculate the Veech group of an arbitrary finite covering of a double-n-gon or 
n-gon (see [Fre08]). With the help of such computations, a conjecture about an 
interesting family of translation coverings 

Pn,d '■ Yn.d -^ Xn 

arose. In the following we define the family pn.d and prove that the Veech group 
of the covering surface Yn_d is 

^(Yum) = { — I,Tn,RnTn Rn 

for odd n > 5 and 

n 2 jrp -Ir, 2\2 n -2 

for even n > 8 with _R„ and r„ as in Chapter 3.1. In particular, it is independent 
of the covering degree d. Our proof uses geometric arguments and not the 
methods, used to develop the algorithm mentioned above. 
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-2rp 2 
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R77-^-'\ 


(T„- 


Rti 


2)2 


-Rn" 


-^(T„- 


-'RJrR,r^-- 
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The series of coverings is somehow similar to the stair-origamis in [Sch06] 
and to the Z|q series in [HSIO]. It Ukewise uses two shts in the base surface to 
construct the covering surface and has a Veech group that is independent of the 
covering degree. 

We wiU define the coverings by their monodromy. We recaU the definition of 
the monodromy; for more details see [Mir95] Chapter III. 4. Let Pn.d '■ i^ri,d ~^ Xn 
be a covering of degree d and S = E(X„). Choose a base point x in X„ \ S 
and call its preimages in Yn^d 0, . . . , d — 1. Every closed path in X„ \ E at x 
can be lifted to a path in Yn^d with starting point in {0, . . . , rf — 1}. The end 
point of the lifted path is again contained in {0,...,d— 1} and the lifts define 
a permutation of the points {0, . . . ,d — 1} in Yn^d- The corresponding map 

m : Tri{Xn \T,,x) ^ Sd 

has the following property 

m{[wi] ■ [wa]) = ■m{[w2]) o m{[wi]) V[wi],[w;2] e '^i{Xn\^,x) 

and is called the monodromy of the covering. Its image in Sd is a transitive 
permutation group. On the other hand, every such map m : 7ri(X„ \ E, x) — >■ 5*^ 
with transitive image defines a degree d covering of X„. 

To define the map m it is sufficient to define the images of the generators 
xq, . . . , Xn-2 (or xo, . . . ,X2i_i respectively) of 7ri(X„\E, x) in Sd- The generator 
Xi crosses the edge Xi and no other edge, so that the permutation cr^ = 'rn{xi) 
indicates directly how the d copies of X„ are glued along the edges Xi and x^ to 
obtain the covering surface Yn.d- The edge Xi in copy j is glued to the edge x^ 
in copy cr^ij). 

4.1 Definition of the coverings. 

In the following, we define for each d > 2 a covering p : Yn_d -^ Xn by giving its 
monodromy nin.d- For the definition, we need the two permutations 



(^d,! 



(0 1) (2 3) • • • (d - 2 d - 1) , d even 
(0 1)(2 3) ••• (d-3 d-2) , d odd 




(1 2) (3 4) • • • (d - 3 d - 2) (d - 1 0) , d even 
(1 2)(3 4) ••• (d-2 d- 1) ,dodd 



, n odd ( ^^ , n odd 

, n = mod 4 and ^2 = % f , n = mod 4 

, n = 2 mod 4 { ^ + 1 , n = 2 mod 4 

For d > 2 define the monodromy mn,d by: 



rund : 




{fci,fe} 



Let Yn^d denote the covering surface of the translation covering p : Yn,d -^ Xn, 
defined by the monodromy rrin^d '■ Fn-i — > 5*^ or mn,d '■ Fn — > Sd, respectively. 
Figure 6 shows the degree 2, 3 and 4 coverings of the double-5-gon, as well as 
the degree 2 and 3 covering of the 8-gon. The non labelled edges are glued to 
the parallel edge in the same X„ copy, labelled edges are glued to their labelled 
correspondent. 





(a) X5 degree 2 (b) Xg degree 2 






(c) X5 degree 3 (d) Xg degree 3 (e) X5 degree 4 

Figure 6: Translation coverings Yn^d of Xn 

Figure 7 and Figure 8 show the action of the generators of 7ri(X„ \ E) via 
id on the set {0, . . . , d — 1}. 




Figure 7: Monodromy action for even d 

Remark 4.1. We excluded n = 4 and n = 6 in our considerations, because the 
genus of X4 and Xq is one. In these cases the singularities of the base surface Xn 
are removable (i.e. have angle 27r). Hence it is an additional assumption, that 



10 



f \\ ''-fc]^ ( y •'-'k'2 




■^ fc-r -^ k'2 ■*• fc 



1 2 



Figure 8: Monodromy action for odd d 

affine maps on the surface map singularities to singularities and that covering 
maps p : F — > X„ satisfy p~^(S(X„)) — T^{Y). If n = 4 the covering surface 
14. d for even degree d — 21 is the lattice surface r2 q defined in [HSIO] and the 
limit of our series is their lattice surface F^q. For n = 6, considerations similar 
to Proposition 2.6. in [Sch04] show that every affine map / on 1" (respecting 
S(y) = p^^(S(Xe)) ) descends via a translation covering p : Y ^ Xq to an 
affine map / on the twice punctured torus Xq with p o f = f o p, i.e. F(y) C 
r(Xg) — (Tg, Rq ). By considering some extra cases in the proof, it can be seen 
that Theorem I b) also holds for n = 6. 

4.2 The Veech group of the odd series. 

The goal of this section is the proof of our main theorem for odd n > 5. 
Theorem 1 a). For odd n>5, the Veech group ofYn_d is 

J-n • — ^ \J-7i.d) \ ^ 7 -^71^ ^n -^ n ^n 7 - • - 7 ^n -^ n ^n / • 

The matrices Rn and Tn are defined as in Chapter 3.1 as 

„ /cos - — sin -\ , ^ /l A„\ , . „ ; ■"■ 
it„ = . S ^" and !„ = \ „ , wriere a„ = 2 cot — 

V^m^ cos^; " Vo ly 

and I G GL2(Il) is the identity matrix. 

In particular, F„ is a subgroup of r(X„) of index n (see Lemma 4.2) and 
independent of the covering degree d. At the end of this section, we deduce the 
basic properties of the Tcichmiillcr curve defined by the translation surface Yn_d 
in Corollary 4.3. We start the proof of the theorem with the following lemma. 

Lemma 4.2. The group G := (-/, r„, i?„T„^ i?„"\ . . . , i?„'T^ T^^ R^^"^) 
is of index n in F(X„) — (i?„, r„) . The set of cosets is 

G\F(X„) ^{GI,GRn,... , Gi?„"-i} , 

where I G GL2 (M) denotes the identity matrix. 

Proof. Write r(X„) = F/N, where F is the free group on the generators R and 
T and N is the normal subgroup corresponding to the relations of R and T 
in r(X„). The image of F(X„) in PSL2(R) is a triangle group with signature 
(00, n, 2), so a possible set of defining relations in PSL2(R) is {i?", {T~^ R)^}- 
An easy calculation shows, that R" — — / = (T^^i?)^. We deduce (see e.g. 
[Joh97] Chapter 10), that a possible set of defining relations of F(X„) in SL2(Il) 
is {(r~i i?)2 = i?", i?2« = /^ R"T = TR''). 



11 



The method of Schrcicr (see e.g. [Joh97] Chapter 2) shows, that 

SchreierGen = {i?", T,RT {R''-^)-\ ..., R^-^ T R-^} 

is a free basis of an index n subgroup U oi F with Schreier transversal 

T^{I,R,...,R--'}. 

Let p : F ^^ T{Xn) denote the projection from F onto r(X„). Our first 
claim is that p{U) — G. 

To simplify notation we skip the index n in the following computations, i.e. 
p{R) = R and p{T) = T. The inclusion G C p{U) is immediate: The first two 
generators of G belong to p(S chreierGen) , the other generators are contained in 
(piSchreierGen)) since WT^R-^ = R^T{R"-^)-'^ ■ R'^-^TR-'. The inclusion 
p{U) C G needs some more arithmetic. The relation _R" = — / = (T~^ i?)^ 
implies TR-^T = -R and T^^ = -R-^TR-^. It follows, that R3T{R"-^)-^ e 
Gfor 1 < j < ^: 

(i?")J • RiT'^R-^ ■ i?J-iT2i?-0-i) R^T^R-^ ■ RT^R-^ ■ T ■ (i?")-i 

= (i?")^ -R'TTR-^TTR-^ R-^TTR'^TTR-^ -T-R-" 

fjsj -R -R -R -R -R 

= {-lyi-iyRiTRi-'' ^ i?JT(i?"-^)-i 

If ^ < j < n-1 then < n-l-j < ^, so that i?«-i-Jr(i?"-("-i-J))-i = 
i?"-i-JTi?-J-i e G. Because of 

R" ■ {R"-^-^TR-^-^)-^ = -I ■ W+^ T-^ ji-n+3+i = RiTR-''+^ 

-R-^TR-^ 

this implies i?JT(i?"-^)-i e G for ^ < j < n-2. The equation R''-R"-T-^ ^ 
-I ■ i?" • {-R-^TR-^) = W'-^TR-'^ completes the proof of the claim. 

It remains to show, that the kernel of p is contained in U. Then the in- 
dex [T{Xn) : G] = [F : U] ^ n with {/, i?, . . . , i?""!} a system of coset 
representatives. The kernel of the map p is the normal closure of the set 
Rel = {R''{T-'^ R)-^,R^'\ R"TR'"T-^}, so that we need to show Uwr = Uw 
y w G F,r £ Rel. Because {/, R, . . . , i?"^^} is a system of coset representatives 
for U, this is equivalent to R^rR^^ G U V r G Rel, j G {1, . . . , n — 1}. 

HJ . Rn[T-^ i?)-2 . JI-] = R'^+i-^TR-^TR-i 

R3 ■ R^TR-^T-^ ■ R-^ = i?" • RT{R''-'-i)-'^R-^R''-^T-^R-i 

= i?" • RT{R'^-^)-'^ ■ i?-" • (i?Jri?-"+J)-i e u 

D 

The surface X„ is primitive and has genus greater than one, so T{Yn^d) is a 
subgroup of T{Xn) (see Lemma 2.1). In combination with Lemma 4.2 the proof 
of Theorem 1 a) reduces to the proof of 
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(i) {-I,T„,RnT„^R;^\...,R„^ T„2i?„-=^}cr„-r(r„,rf)and 
(ii) /, Rn, • • • , Rn"^^ lie in different cosets of r„\r(X„). 

The rest of the proof of Theorem 1 a) is divided into four steps. The first step 

is to prove, that the parabohc matrices Rn Tn^ Rn^^ , • • • , Rn^^ Tn^ i?„ ~ 
with shearing factor 2A„ are contained in r„. Afterwards we show, that /, 
i?„, . . . , i?„"^^ lie in different cosets of r„\r(X„). The last two steps will show 
that — / and T„ belong to r„. 

Step 1: RJ T„^ i?„-' e r„ for 1 < Z < ^ = fci 

The afhne map on R^ , x h- > M; • x with 

/l-2A„cos(^)sin(^) 2A„cos2(^) \ 

Mi^Rn'TjRn-'=\ " " " 

V -2A„sin2(^) l + 2A„cos(^)sin(^); 

is the shearing in direction vi — i?„ • K^ I = . ), / \ I with factor 2A„. 
^ \^0y \^sm(/7r/n)y 

To find an afhne map on Yn^d with derivative M;, we investigate the cylinder 

decomposition of Yn^d in direction vi. 

Because of the rotational symmetry in X„ the cylinder decomposition of X„ 
in direction vi has the same properties as the horizontal cylinder decomposition 
(see page 5). The vector vi lies in the same direction as the edge X;/2 if I is even 
and in the same direction as the edge X}^^^(^ij_iy2^ if ^ is odd. The cylinders in 
the cylinder decomposition in direction Xi contain gluings along the following 
edges (where all the indices are understood to be modulo n): 

• cylinder 1: Xi^i and Xi^i 

• cylinder 2: Xi-2 and a;i+2 



n-i . ... 



• cylinder ^V^' a:- n-i and x. 



Since the monodromy map for Yn^d sends Xi to the identity in S'd iff i ^ 
{fci, fc2}, the d copies of X„ are connected only by the edges Xk^ and Xk^- Copies 
of cylinders in X„ that contain neither x^.^ nor x^^ are glued to themselves 
in Yn.d- They keep their inverse modulus A„. Cylinders that contain either 
Xfej or Xfe2 are glued according to mn,d{xki) or to mn,d{xk2) respectively. For 
every cycle of length a in mn,d(xki) (or in mn,d{xk2)), a copies of the cylinder 
containing Xk^ (or x^j^) are glued to form one cylinder in Yn^d (see Figure 9). 
Since both mn,d{xki) and mn,d{xk2) have only cycles of length 2, the inverse 
modulus of theses cylinders is 2A„. Non of the vectors vi is horizontal (/ ^^ 0), 
so that no cylinder decomposition in direction vi has a cylinder containing both 
edges Xfci and x^j. 

We may conclude, that Mi is the derivative of the afhne map (j)i on Yn.dj fixing 
each saddle connection in direction vi pointwise and twisting the cylinders in 
the cylinder decomposition in direction f ; once or twice (again see e.g. [Vor96] 
Chapter 3.2 for a more detailed explanation of such an afhne map). It follows 

that rJ r„2 i?„"' G r„ for 1 < ; < ki. 
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Figure 9: Diagonal cylinder decomposition 



Step 2: I,Rr, 



, Rr, 



lie in different cosets of r„\r(X„) 



It is sufficient to show, that i?„ ^ Tn^ I E {1, . . . ,n — 1}, since 

r(x„) • i?„* = r(x„) • R„^ ^ Rr,'-' e r(x„) . 

In this part of the proof we use the horizontal cylinder decomposition of X„. In 
this decomposition, cylinder fci = ^^^ contains the gluings along the edges x^^ 
and Xk2 ■ More precisely, a closed horizontal path in the cylinder fci describes 
an element in {xk^Xk2~^) C 7ri(X„ \ E). As above we conclude that for every 
cycle of length a in rnn,d{xkiXk2~^) a copies of the cylinder ki are glued in Yn,d 
to form one cylinder. 

If d is even, then: 



mnAxk^Xk^-^) = mn.d{xk2-^) ° mn.dixki) 
= ( (1 2) (3 4) • • • (d - 3 d-2){d-l 0) )-^ o (0 1) (2 3) • 
= (1 2) (3 4) • • • (d - 3 d-2){d-l 0) o (0 1) (2 3) • • • (d - 
= (0 2 4...d-2)(l d-l (i-3...3) 

If d is odd, it follows: 



• (d-2 d-1) 
2 d-l) 



mn,d{xkiXk2-^) = mn,d{xk2~^) ° mn.dixki) 

= (1 2) (3 4) • • • (d - 2 d - 1) o (0 1) (2 3) • • • (d - 3 d - 2) 
= (0 2 4...d-3 rf-1 d-2 d-4...3 1) 

Therefore the inverse modulus of the horizontal cylinders of Yn_d, which map 
onto the cylinder ki of X„, is |A„ if d is even and d\n if d is odd. All the other 
horizontal cylinders in Yn.d have inverse modulus A„. 



14 



The conclusions made in step 1 about the cyhnders in the direction vi do 
not rely on I to be smaller or equal to ^^^- They also apply for 1 < / < n — 1. 
We conclude that all the cylinders in direction vi have inverse modulus A„ or 
2A„. Now suppose (j)fii to be an affine map on Yn^d with derivative _R„ . Then 
4>jii would send the horizontal cylinders onto the cylinders in direction f;. As a 
rotation is length preserving, the moduli of the cylinders in horizontal direction 
would have to match the moduli of the ones in direction vi . It is an immediate 
consequence for d ^ {2,4}, that i?„' is not contained in r„. Simply, because 
there is no cylinder in direction vi with inverse modulus 2 A„ or dXn respectively. 

For d = 2, all the cylinders in horizontal direction have inverse modulus A„. 
In all other directions vi , there is no cylinder containing both edges Xk^ and Xfc^ . 
On the other hand, only one of the edges Xk^ or Xk2 can lie in direction vi, so 
that there is at least one cylinder containing one oi Xk^ or Xk^. This cylinder has 
only one preimage cylinder c in y„,d, so that the cylinder c has inverse modulus 
2A„, which leads to a contradiction. 

If d = 4, then there are 2 cylinders with inverse modulus 2A„ in the horizontal 
decomposition of Yn.d- For all directions vi, where Xk-^ and Xk^ do not lie in 
direction w;, Yn^d has 4 cylinders with inverse modulus 2A„, 2 from x^^ and 
2 from X]^^ . In the remaining cases, were d = 4 and vi is parallel to x^^ or 
Xk^ , the moduli of the cylinders in the decomposition in direction vi match the 
ones of the horizontal decomposition. Here we have to examine the heights 
of the cylinders with inverse modulus 2A„. The cylinder fci = ^^y^ and of 
course also its preimages, have the height 2sin(-) sin(-) (see equation 1 on 
page 5). The cylinder of X„ in direction vi which is parallel to x^^ or a;^,^ 
and contains the gluing along x^^ or x^^ respectively, is the cylinder 1 (i.e. the 
image of cylinder 1 in the horizontal decomposition under i?„ ) . It has the height 
2sin((ri — 2)-)sin(-). Using the consequence of the addition and subtraction 
theorems for sin and cos 

,x + y . ,x-y 
smx — smy — 2cos( — - — j sm( — - — ) , 

the difference of the heights of the cylinders with inverse modulus 2A„ in Yn_d 
can be simplified as follows: 



2sin(^)sin(^)-2sin(^)sin((n-2)^) 
^•^)sin(-f 



2sin(^)cos(^.^)sin(-^.^) ^0 



Since a rotation can not map cylinders with different heights onto each other, 
this case also leads to a contradiction. 

Step 3: r„ e r„ 

To show, that Tn is contained in the Veech group of X„, we use again the hor- 
izontal cylinder decomposition of X„. In the following we construct an affine 
map (pT on Yn^d with derivative T„. 

As shown above, for all but the outermost cylinder of X„ the preimage 
on Yn^d decomposes into d cylinders with inverse modulus A„, respectively. An 
affine map (pT with derivative T„ on Yn_d twists these cylinders once and possibly 
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permutes them, with say ar- Of course, if an inner cylinder j in copy i is mapped 
onto cylinder j in copy (JT{i), then all the other inner cylinders in copy i are 
mapped onto their correspondent in copy (7T{i)- The preimages of cylinder ^^^ 
in Xn (now called c) form 1 or 2 cylinders in Yn_d, depending on d being odd or 
even. These cylinders are sheared by the factor A„. 

Recall, that Yn^d is a degree d translation covering of X„, in particular Yn_d 
contains d copies of every point in X„, except for the vertices which may be 
ramification points. The preimage of c in one copy of Xn is not connected, so 
from now on we use a slightly different labelling. To get the new labelling we 
cut the lower part of c in each copy along the horizontal saddle connection and 
glue it along the edge x/.^ , i.e. the lower part of c in copy i now "belongs" to 
the copy mn,d{xki~^){i) (see Figure 10). 




former number m(x. )(i) 



m(X]^ )(j) = i 



Figure 10: New labelling of the outermost cylinders 

Every new copy i of c has as lower neighbour copy i of X„ \ c and as upper 
neighbour copy ran,d(xki)(i) of Xn \ c (sec Figure 11). 



m(x, ){pred(i)) 
'^1 



m(x^ )(i) I m(x^ )(suc(i)) 




Figure 11: Schematic drawing of the outermost cylinder 
The preimage cylinder(s) of c define a natural order of the d copies: 

suc(i) = mn4{xkiXk2^^){-i) prcd(2) = TO„,d(a;fe2Xfei"^)(«) 

All we need to prove is the existence of a permutation ctt of the copies of 
Xn.d that fulfils the following two conditions: 

1. The lower neighbours retain their order, i.e. the image of the successor of 
i equals the successor of the image of i: 

(7t(suc(z)) = suc(crT(i)) 

2. The upper neighbours are shifted by one, i.e. the upper neighbour of the 
image of i is the image of the upper neighbour of the predecessor of i: 

mn,d{xki){(7T{i)) = fTT(m„,d(a;feJ(pred(i))) 
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Using the definition of prcd and ?7i„,d(a ' b) = nin.dib) o mn,d{o-), tlie 
equation can be written as 

mn,d{^ki){crT{i)) = crT(m„^d(xfcJ(z)) . 

Sucli a permutation induces an affinc map (J)t as follows: 

The inner cylinders of copy i are mapped to the inner cylinders of copy ctt (i) 
and further twisted once. The preimages of c are sheared by the factor A„. 
The lower bounding saddle connection of copy « of c is mapped onto the cor- 
responding saddle connection in copy axii), the upper saddle connection to its 
correspondent in copy (77'(suc(z)) (in the new labelling). The two conditions 
above ensure, that 4>t respects the gluings. 

Claim. For even d, ax — {^ 3 5 . . .d— 3 d — 1) satisfies condition 1 and 2. 

Proof. 

CTTOsuc = (1 3 5...d-3 d- l)o(0 2 4...rf-2)(l rf- 1 d-3...3) 

= (0 2 4...d-2) 

= (0 2 4...d-2)(l d-l d-3...3)o(l 3 5...rf-3 d - 1) 

= sue o ctt 

mnA^kJocTT = (0 1)(2 3) ••• (d-2 d- l)o(l 3 5...d-3 d-l) 
= (0123...d-2d-l) 
= (1 3 ... d - 3 d - 1) o (0 d - 1) (1 2) • • • (d - 3 d - 2) 

= (7T°mn,d{xk2) 



U 



Claim. For odd d, gt = ^((xfcjXfe^) ^ ) satisfies condition 1 and 2. 



Proof. Recall, that 'mn_d{xki) — <^d,i, 'mn,d{xk2) — '^d,2 and that ad^i as well 
as ad.2 is of order 2. Since the permutation mn,d{xkiXk2) = o'd,2 o cr^,! = 
(0 2 4...d-3 d-l d-2 d-4...3 1) is of order d, it follows that 
(o'd,2 ° o'd.i)'' — id and the second condition 

<yd,\°Vyd.2°<Jd,\) ^ = (o-d,2oa-d,l) °crd,io(crd,20crd,l) ^ = (0-^,2 oCTda) ^ 00-^,2 
holds. The first condition is immediate: 

(TtOSUC = (0-rf,2CTd4) ^ °cr<i,2 CTda = (^<i,20-d,l) =^ = SUC O (Tt 

D 
The two claims finish the proof of the fact that T„ e r„. 

Step 4: -/ 6 r„ 

We need to construct an affine map (\)-i that is locally a rotation by tt. Let 
(\)-i denote the map that rotates every copy of X„ around the centre of its edge 
Xn-\ by TT. Clearly the map sends every copy of X„ to itself. The preimage 
of an edge Xi is send to x\. It remains to show, that this is consistent with 
the gluing of the copies according to the monodromy map. The monodromy 
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fnn.dixi) for i ^ {fci, k2\ is trivial, so there is nothing to prove. The permuta- 
tions mn^d{xki) and ran^dixk^) are involutions, so that the neighbour copy at Xi 
equals the neighbour copy at x[ for all i € {0, . . . n— 2}. It follows, that — / G r„. 

Step 1 to 4 together with Lemma 4.2 and Lemma 2.1 prove Theorem 1 a). 

Knowing the Veech group of the translation surfaces Yn^ for all odd n > 5 
and all d > 2, we can compute the basic properties of the Teichmiiller curves 
belonging to the surfaces. 

Corollary 4.3. H/r„ has genus and ^^ cusps. 

Proof. A fundamental region F of T{Xn) is shown in Figure 12(a). Since 
T{Xn) = r„ / U TnRn U ••• U Fn i?„"^ , thc fundamental region of F„ is 
G = /(F) U i?„(F) U • • • U Rn"-\F) (see e.g. [Kat92] Theorem 3.1.2). Fig- 
ure 12(b) illustrates thc fundamental region G of F5 in a schematic picture. 
The elements T5, R^TsRs^^, R^^T^Rs^^, R^^T^R^^^ and R^^T^R^''^ identify 




(a) r(X„) = (T„,_R„> 



(b)r5 



Figure 12: Fundamental regions 

the edges with labels a, 5, c, d and e. The cusps in R U 00, i.e. the non equiv- 
alent vertices of the fundamental region of F5, are labelled by the letters A 
to C, where A = {00}, B = {cot 0^5, — cot as} and C = {cot 2a5, — cot 2a5}, 
with a„ = -. At the three cusps in H/F5, one, two and two copies of the 
fundamental region of F(Ar5) meet, respectively. We say the cusps have rela- 
tive width 1, 2 and 2. In addition it can be seen, that the Euler characteristic 
X(H/F5) = (3 + 4) - (2 • 5) + 5 = 2 and thus the genus of H/F5 is 0. 



In general, the fundamental region G of F„ consists of n quadrilaterals with 
one cusp Aq = {00} of relative width 1 and ^^y^ cusps Ai — {cot ia„, — cot m„} 
for i — 1,...,^^^^ of relative width 2. In addition, H/r„ has a vertex at 



i and ^^y^ non equivalent vertices at cot a„ 4 

i?'^(cota„ + ^j^). It follows, that x(H/F„) 
which implies g(II/F„) — 0. 



sm a 
_ ( n+l 
y 2 



, i?(cotQ;^ 



-{2-n)- 



--2 
D 
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4.3 The Veech group of the even series. 

In this section, we explicitly determine the Veech group for Yn,d in the case that 
n is even. Just like in Section 4.2 the Veech group depends only on n and is 
generated by — / and parabolic matrices. Hence we obtain Theorem 1 b) as 
analogue of Theorem 1 a) . 

Theorem 1 b). For even n>8, the Veech group ofYn^d is 

r„:= r(r„,rf) 

/ T rji T^ 2 rji 2 T^ —2 n n—2rp 2 jD ^(^^2) /rp ^1 p 2\2 

\ ^ : ^n-j ^^n ^ n ^^n 7 • • - 7 ^^n -^ n ^n 7 v n ^n } 7 

p 2 /rp -Ir, 2\2 D -2 r, n-2 /rp -1 n 2>,2 p -(n-2)x 

The matrices Rn and r„ are defined as in Chapter 3.1 as 

„ /cos - — sin -\ , „ /l A„\ , . <^ ; "■ 

/t„ = . S ^" and J „ = K^ , where a„ ^ 2 cot — 

and I G GL2(]R,) is the identity matrix. 

The proof is very similar to the proof of Theorem 1 a) . Hence we will state 
the outline of the proof while mainly referring to the corresponding proofs in 
Section 4.2. 

Concept of proof: Using similar arguments as in Lemma 4.2 one obtains that 
r„ is an index ^ subgroup of r(X„) — {Rn ,Tn) with coset representatives 
/, Rn^, Rn , • • • , Rn"^^- Wc uow havc to repeat the steps 1 to 4. Step 3 and 4 
work the same way as in Section 4.2. Thus it is sufficient to carry out step 1 
and step 2. 

Step 1: We have to find afRne maps with parabolic derivatives Rn Tn Rn~ 
for / e {1, . . . , ^} and i?„2' {Tn~^ Rn^f i?„~^' for / € {0, . . . , '^}. Let 



— Rn'' • ( n I • The matrix i?„ T„ i?„ is the derivative of the shearing in 



uj - n.n ■{].]■ The matrix i?, ^^ '^ ^ ° ~^' 

direction V21 with factor 2A„. A consequence of the relation RnTn^ Rn — ^Tn 
is (r„"^i?„2)2 = Rn'^Tn^Rn, SO the matrix Rn^^ (Tn~^ Rn^f Rn'"^^ is the 
derivative of the shearing in direction V21-1 with factor 2A„. Hence we in- 
vestigate the cylinder decompositions of Xn and Yn.d in the directions Vj for 
j € {—1, 1, 2, . . . , n — 2}. In direction W2;-i, Xn decomposes into ^ cylinders 
if n = 0mod4 and into ^^ cylinders, if n = 2 mod 4. A short calculation 
shows that the innermost cylinder has inverse modulus iA„ and that all other 
cylinders have inverse modulus A„. Recall that the cylinders in the cylinder de- 
composition in direction V21 have inverse modulus A„ (see equation 3 on page 8). 
Only the vertical decomposition (j = f) contains a cylinder containing both Xk-^ 
and Xk2 7^ excludes the horizontal direction). We conclude that the argu- 
ments in the odd case also hold in the even case for the parabolic matrices 
i?„2' T„2 i?„-2' where I e {1, . . . , ^}, / ^ f and for i?„2' {Tn'^Rn^)^ Rn~^' 
where Ze{0,...,^}, l^ ^. 

For n = mod 4 and ^ = ^ , the innermost cylinder in the decomposition of 
Xn in direction V21 contains x^-^ and Xk2 ■ This cylinder has 1 or 2 prcimagc cylin- 
ders in Yn^d with inverse modulus d\n or 2 A„, respectively (depending on d being 
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odd or even). If we rotate Yn.d and X„ clockwise by 90 degrees and introduce a 
new labelling of the preimages of Xn in Yn^d (see Figure 13), we can repeat the 
arguments of step 3 in Section 4.2 and find an affinc map for M = i?„ ^ j'^ Rn~^ . 
Then of course M^ = Rn^ Tn^ RnT^ lies in T{Yn,d)- To find an affine map for 



former number o^ 2(') 



Figure 13: New labelling of the cylinders for Xg 

M we have to find a permutation ctm of the copies of Xn in Yn.d that fulfils the 
two conditions (JM(suc(i)) = s\ic{aM(i)) and crd,2(o'M(i)) — o'M(o'd.2(pi'ed(i))) 
with suc(i) = <yd,i{<^d,2{i)) and pred = suc~^. The permutation cr^^ with ut as 
in step 3 in Section 4.2 fulfils these two conditions. 

The same arguments prove that M^ = Rn^^ (Tn^^Rn'^)^ Rn ^ is con- 
tained in the Veech group of Yn^d if n = 2 mod 4 (/ = ^^)- 

Step 2: In the same way as in Section 4.2 we obtain that i?„^ ^ ^(Yn.d) for 
I e {1,.. . , ^}, ? 7^ f if rf 7^ 4 or if d = 4 and vi = i?„^' • ( j is not parallel 

to Xk^ or Xk2- 

If d = 4 and vi is parallel to Xk-^ (or x^^ respectively), then n = 2 mod 4 
and in particular n > 10. In this case one cylinder c in direction vi contains 
the gluing along Xk2 (or Xki respectively). This cylinder has two preimage 

cylinders, both with inverse modulus 2A„ and cylinder number ^ 1 i.e. 

it has height h = 2cos(^^^ • ^)sin(^) (see equation 3 on page 8). The two 
cylinders in the horizontal decomposition of Yn^i with inverse modulus 2A„ are 
preimages of cylinder ^^^^ so they have height h = 2 cos(^2i=i . ^) gjnj^^) Since 
h^h^ 2sin(^)(cos(^ • ^) - cos(^ • fj) = -4sin(^ • ^)"sin2(^') ^ 0, no 
affine map with derivative Rn exists on Yn,4. 

If n = mod 4 and I = j, then vi is vertical and the cylinder decomposition 
of Yn^d in direction vi has a cylinder with height h = 2 cos(-) sin(-) and inverse 
modulus dXn or two cylinders with inverse modulus f A„, respectively (depend- 
ing on d being odd or even). The cylinder with inverse modulus dXn or |A„ in 
the horizontal decomposition of Yn^d has height h = 2cos(^^ • ^) sin(^) which 
is different from h. Hence we may conclude that no affine map with derivative 
Rn^ exists on Yn,d- □ 

We deduce the following Corollary on the Teichmiiller curve to Yn.d- 

Corollary 4.4. II/r„ has genus and ^^ cusps. 

Proof. The Veech group r(X„) = (r„,i?„^) has index two in the Hecke group 
(T„,i?„). In particular it has a fundamental region F as shown in Figure 14(a) 
with 2 cusps, {oo} and {— cot «„, cot a„} with a„ = -. A fundamental region 
of r„ is .F = F U i?„^(F) U • • • U i?„"~^(F). The vertices of .F in M U {oo} 



20 




cot a 



cot C(„ 




(a) r(X„) = (T„,R„2^ 

Figure 14: Fundamental regions 



are {00} and cot(ra„) with re {1, . 
and i?„^' {Tn'^Rn^f R„-^^ identify 



2/ ry-T 2 jy 
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. . , n — 1}. The matrices R„ 

^ pairs of vertices (see Figure 14(b) for 

Fg), so B[/r„ has ^^ cusps. Using the Euler characteristic, it can be seen that 

D 



H/r„ has genus 0. 



5 Infinite translation surfaces. 

In this section we study the Hmit of our covering famihes and show that their 
Veech groups are lattices in SL2 (R) . An infinite translation surface X°° can be 
obtained by gluing countably infinitely many polygons via identification of edge 
pairs using translations. We only consider the case where countably infinitely 
many copies of one polygon are glued together. Then, if infinitely many copies 
are glued at one vertex, an infinite angle singularity arises. Let I]°° be the set 
of infinite angle singularities, then X°° \ E°° is a Riemann surface and X°° is 
the metric completion of X°° \ S°° . So we get a so called tame flat surface. For 
more details on infinite translation surfaces see e.g. [Val09]. 



As in the finite case, let n > 5, n 7^ 6. To simplify notation, let X* = 
X \ S(Ar) for a finite or tame infinite translation surface X. Our series of 
translation coverings give rise to the infinite translation surface Yn.rxn defined 
by the monodromy 




Sym(Z) 
id , for i 

CTfel 



{^1,^2} 



where cr^^ : / 




l + l 
l-l 



I even 
I odd 



n odd 

n = mod 4 

n = 2 mod 4 



O'fca 



l^ 



and 



l-l 

l + l 



I even 
I odd 



K+l 

2 



4 
ri-2 



n odd 

n = mod 4 

n = 2 mod 4 



Remark 5.1. The surface y„,oo has 4 infinite angle singularities. 
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Proof. For odd n and even n, n — Oniod4, a simple clockwise path around the 
singularity in X„ is given by 

p = xoa;i~^a;2X3~^X4 . . . Xn-3Xn-2^^XQ^^xiX2~^X3 . . . x„_3~ix„„2 or 
p = xoa;i"^a;2X3"^X4 . . .xii^2Xii-i^^xo^^xiX2~'^X3 . . . X|_2"^a;|_i 

respectively. Since the monodromy of Xi is the identity iff i ^ {ki,k2}, Uk^ = 
(Jki^^ and (Tfe2 = crfe2 "'^j we have 



("^„,oo(p))(0 = (c^fca ocrfei)^(0 = S i_ 



1 + 4 , I even 
4 J odd 



For even n, n = 2 mod 4, two simple clockwise paths pi and p2 around the 
two singularities in X„ are given by pi = xqXi~^X2X3~^X4 . . . xii_2^^2;ii_i and 
P2 — xiX2~'^X3 . . . a;i!i_2Xii_i^^xo^^ . It follows 



[rrin.ooiPi)) (0 = {mn.,oo{P2)) (0 = o-fe2(a-fei(0) 



1 + 2 , I even 
1-2 , Z odd 



D 



Remark 5.2. The covering Pn.oo '■ Yn,oo -^ Xn is not a Z-covcring, but Yn^co 
is a Z-covering of Yn,2'- A basis of t^i{Y*^2) is B = {xk2Xki~^,Xki^,Xkj^Xk2} U 
{xi, Xk^x.Xk^-'^ I i ^ {ki,k2}} and 7ri(y„*^) C 7ri(y„*2). Every copy of F„,2 in 
Yn^oo consists of two copies of X„ with numbers 21 and 21 + 1. Since ak^o'kii'^l) — 
21 + 2 and Cfci^^cTfe^ — (cTfe^o-fei)^^, the image of 7ri(y^2) under to„^oo restricted 
to the even numbers defines a transitive permutation group on 2Z isomorphic 
to Z. It follows that 



m = mn,ooWi(Y^2) 



defines a normal covering p : Y^.oo ^" ^n.2 with Galois group Z and Pn,oo — 
Pn,2 op- 

In [IIW09] Z-covers are defined by non-zero elements in the relative ho- 
mology Hi{X,J^{X);1i). In our case, a representative for the element w G 
Hi{Yn^2,^{Yn,2)','^), defining F„^oo, consists of two reverse paths on the edges 
Xk2 in copy and copy 1. For n ~ 8 this can be seen in Figure 15. The holon- 



MY12) 


-^ 


Sym(2Z) 


= Sym(Z) 










XkiXk2 


M- 


{21^ 21 + 2) 










Xk2Xki^^ 


H^ 


{21 ^21- 


-2) 










w 


H^ 


id , w 


eB\{xk, 


Xk2 


,Xk2 


■^^k^' 


-'} 



Figure 15: w e ifi (1^8,2, ^(^8,2); Z), defining 1^8,00 

omy hol{w) — 0, so according to [IIW09] the cover is recurrent, i.e. the straight 
line flow on Yn,oo is recurrent for almost every direction 9. 
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We want to determine the Veech group of Yn_oc and start by arguing, why 
r(i^,d) is contained in r(X„), even for d = oo. For this we use the devel- 
opments of the saddle connections of a translation surface {X, w) (see [Vor96] 
Chapter 3.1). For every saddle connection there is a chart containing the saddle 
connection without end points. Thus the saddle connection defines an interval 
in R^, i.e. a vector and its additive inverse in R^, not depending on the chosen 
chart. The set of all theses vectors is called SC{X). 

Lemma 5.3. Forn > 8, the Veech group T(Yn_d) ofY„,d is contained in T{Xn), 
even for d ^ oo. 

Proof. The covering map Pn,d '■ Yv^d — >■ Xn is locally a translation, so every 
saddle connection in Yn^d is mapped one to one to a saddle connection in X„ 
and every saddle connection in X„ can be lifted to a saddle connection in Yn^d- 
It immediately follows 5C(X„) ~ SC{Ynd)- This idea, at least for finite d, and 
the following statement can be found in [Vor96]. Affine maps preserve the set 
of saddle connections. We conclude that r(y„.d) is contained in the stabiliser 
Stab(S'C(y„,d)) oiSajn^d) and r(X„) C Stab(5C(X„)), respectively. Accord- 
ing to [Vor96] Proposition 3.1, SC{Xn) has no limit points, hence Stab(S'C(A'„)) 
is a discrete group. 

For odd n, the Veech group T{Xn) is a Heckc group. In particular it is 
a maximal discrete subgroup of SL2(R) and r(A'„) C Stab(S'C(Ar„)) implies 
T{Xn) — Stab(5'C(X„)) which proves the statement for n odd. 

For even n, T{Xn) is a triangle group with signature (^,00,00). According 
to [Sin72] Theorem 1 and Theorem 2, the only possible discrete groups properly 
containing T(X„) are the triangle groups with signature (n, 2, 00). Let G denote 
the triangle group (n, 2,oo), containing r(A'„). Then G = {Tn,Rn) and [G : 
T{Xn)] = 2. The shortest saddle connections in Xn are the edges of the regular 
n-gon. Their corresponding elements in SC{Xn) are 

2(^+1) _ fl\ p 21 _ fl\ _ fcos{2{l + 1)^) - cos(2Z^) 



-2sin((2/ + l)^)sin(^) 
2cos((2/ + l)^)sin(^) 

The rotation i?„ doesn't change the length of a saddle connection, but 

R ■v,-R ^('+i)+i -f^^-R ''+' ■ f^] [-^M{21 + 2)1) sin(^)\ 
" ^'--f^" \q) "« \q) \2cos{{2l + 2)l)sin{f^) )^^ 

for all J G {0, . . . , n - 1}. So i?„ i Stab(5'C(A:„)) and Stab(S'C(A:„)) = r(X„). 
We conclude T{YnA) C Stab(5'C(r„,d)) = Stab(5C(X„)) = r(X„). D 

Now we can calculate the Veech group of the infinite covering surface by 
reproducing the arguments of the finite case. 

Theorem 2. For n > 5, n ^ 6, the Veech group T{Ynrx,) of Y^ ^00 is r„. In 
particular y„.co is an infinite translation surface with a lattice Veech group. 

Proof. We reconsider the steps 1 to 4 of the proof in the finite case. In step 1 
we can use identical arguments to show that Rn Tn Rn~ (if n is odd) or 
that Rn^'-TjRn^^^ and i?„^' (T„"^i?„2)2 i?„-2i ^j^ ^ jg ^^^^^ ^^^^ contained 
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in r(y„.oo)- Once again the proof for i?„ 2 Tn^ R^ ^ \i n = 0mod4 and for 

Rn~^~ {Tn~^Rn^)^ Rn~^~ H n = 2 mod 4 rely on ar (as defined below). 

To prove that /, i?„, . . . , i?„"^^ (or /, i?„^, . . . , i?„"~^ respectively) lie in 
different cosets of T {Yn^oo)\r {^n) in step 2, we compute the monodromy of the 
core curve p of cylinder 



2 



n odd 
^ , n = mod 4 

^ ,nEE2mod4 



of the horizontal cylinder decomposition of X„: 



_i j2i— >2 + 2 ,z even 



2 H- > 2 — 2 , z odd 



So cylinder k has two preimages of infinite length in y„,oo- Recall that no 
cylinder of X„ in the decomposition in direction vi contains both x^^ and Xk2 
if n is odd or if n is even and I j^ j. This implies that Yn^ca contains no infinite 
cylinder (i.e. no strips) in these directions. As in the finite case n = Omod4 
and / = ^ is an exception. There the cylinder decomposition in direction vi 
contains two infinite cylinders. But their height differs from the height of the 
infinite cylinders in the horizontal decomposition. We conclude that there is no 
affinc map with derivative i?„ (or i?„ ) on Yn^oo- 

The proof of T„ G r(y„^oo) is similar to the finite case when d is even. 
We consider the two infinite length preimages of cylinder k of the horizontal 
cylinder decomposition. The maps sue and prcd are defined as in the finite 
case and again we need to prove the existence of a permutation ct^ S Syin(Z) 
fulfilling the two properties: crT(suc(i)) = suc(CTT(i)) and TO„^oo(a;fei)(a'T(i)) = 
crTimn,oo{xk2){i)) ■ Let 

z H- > I , « even 



i 1-^ i + 2 , i odd 

The map sue = 'mn.ca{xkiXk2^^) was calculated above. It remains to check the 
two conditions on aj^' 

I i-w f « + 2 , i even , ,.,, 

CrT(suc(z)) = I . ^^^^ =SUc(crT(2)) 

TO„,oo(a;A;i)((TT(i)) = 2 + 1 = fTT('7i„,oo(a;A;2)(i)) 

Finally the proof for — / e r(y„ oo) in step 4 works as in the finite case. 
Lemma 5.3 and Lemma 4.2 complete the proof. D 
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